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An examination of diauxic, toxicity, and sorbtion effects upon microbial
mineralization activity. Panel A reports 14C0O; production from radiolabeled
phenanthrene in the presence and absence of 10 ppm glucose. Panel B reports
glucose mineralization by strain RSP1 in the presence of Y-irradiated seep sediment.
Panel C shows 14CO; production from radiolabeled phenanthrene added to fresh and
Y-irradiated seep sediment. Panel D follows 4C0; production from radiolabeled
phenanthrene added to y-irradiated seep with and without additional fresh seep
material and inoculated with strains RSP1.

Naphthalene mineralization by seep and hillside samples.

Cluster analysis based on BIOLOG carbon source utilization patterns of selected
naphthalene mineralization isolates.

Distribution of PCR Detectable nah genes among naphthalene-mineralizing isolates.

Numbers of naphthalene-, phenanthrene-, and PTYG (a general heterotrophic
medium)-degrading bacteria retrieved at various times from initially sterile sand
sorbents inserted into the seep study area Fall 1993. Each type of bacteria was
enumerated after aseptic serial dilution and plating onto agar media containing each
respective carbon source.

Panel A shows bacterial numbers from bulk sediment (single unreplicated sample)
and sand sorbent (4 replicate samples) growth on PTYG media.

Panel B shows bacterial numbers from bulk sediment (single unreplicated sample)
and sand sorbent (4 replicate samples) growth on naphthalene.




Figure 29.

Panel C shows bacterial numbers from bulk sediment (single unreplicated sample)
and sand sorbent (4 replicate samples) growth on phenanthrene.

Concentrations of coal tar-derived compounds retrieved from polyurethane foam
sorbents inserted into the seep study area Fall 1993. Each point represents the average
of 3 or 4 replicate samples. Compounds are analyzed by gas chromatography/mass
spectrometry. Authentic standards were not available for all compounds therefore,
absolute concentrations were not ascertained. Instead, the arbitrary units of
chromatogram peak areas are displayed along the vertical axes.

Top = concentrations of naphthalene, 2 methylnaphthalene, 1 methyl, 2
cyclopropenyl, benzene, and 3 nitro-1,2dicarboxybenzene

Bottom = Concentrations of indene, 1,2,3-trimethylbenzene, 1,ethyl-
2,methylbenzene, and 2,3-dihydro-4methyl-1H indene.




1.0 BACKGROUND

This document reports results of laboratory experiments carried out during the second
fully funded year of a 3-year project entitled "Geochemical, Genetic, and Physiological
Control of Pollutant Biodegradation” (a six month no cost extension period was sandwiched
between years 1 and 2). For a detailed literature review, project description and statement of
work, the reader is referred to the original proposal in its entirety.

1.1. Project Motivation and Goals:
A slightly modified version of the Abstract from the proposal that originally defined

this project appears below. This synopsis is the most efficient way to familiarize the
reader with project motivations and goals.

ABSTRACT
(from original proposal, 9/91)

The proposed research was designed to utilize a combination of laboratory and field
studies to identify physical, chemical, genetic, and physiological influences that govern
the accumulation and biodegradation of polycyclic aromatic hydrocarbons (PAHs). These
and related compounds are among the chemicals whose environmental fate has been
targeted by the U.S. Air Force Bioenvironmental Research Program. We have conducted
a prior, independent study that has shown that, despite the presence of PAH mineralizing
microorganisms, PAHs persist at a site where freshwater sediments are fed by PAH-
contaminated groundwater. Hypotheses to be tested address fundamental mechanisms for
the persistence of environmental pollutants, these include: (1) the rate of delivery meets
or exceeds the rate of biodegradation; (2) the PAHs are not available to microbial
populations due to sorption onto the sediment organic matter, complexation reactions
with dissolved organic carbon, or due to the physical arrangement of the sediment matrix
which prevents contact between PAHs and microorganisms; (3) the microorganisms may
be paysiologically limited by the presence of preferred metabolic substrates or toxic or
inhibitory substances, or by the lack of proper final electron acceptors, electron donors,
or inorganic or organic nutrients; and (4) PAHs may persist simply due to restricted
distribution and abundance of biodegradation genes in naturally occurring microbial
populations. By working in an iterative manner between field observations and
controlled laboratory determinations, we intend to systematicaily test the above
hypotheses and thus identify constraints on microbiological processes that mineralize
PAH:s (naphthalene and phenanthrene) at the field site.




1.2. Synopsis of progress from first 12-month period:

The Synopsis, below, is taken from p. 26 of the first Technical Report for this project
(30 September 1991 — 29 September 1992). This Summary appears here in order to give
the reader an appreciation of the significance and rationale for new experimental resuits
reported in this volume.

Synopsis

This project has merged three research areas (field geochemistry, microbiology, and
sorption chemistry) in order to understand the biogeochemistry of PAH compounds in a
contaminated field site. Although one year of research effort has not explained why
biodegradable PAHs anomalously persist at our field study site, substantial progress
toward testing the relevant hypotheses has been made.

~ Lack of naphthalene metabolism is caused neither by the absence of microbial
metabolic capabilities, nutrient limitation, nor the presence of toxins in site samples.

~ Sorption of PAHs has been found to affect their bioavailability, hence
biodegradation, in complex and varying ways.

* The notion that duration of sorption contact time completely governs PAH
metabolism is simplistic. Under some circumstances mineralization of naphthalene
does seem to be inversely proportional to sorption contact time. But this
relationship is demonstrable with only certain microbiological populations. Thus,
the idiosyncrasies and diversities of microbial metabolism are probably the key in
understanding the sorption/bioavailability hypotheses. The size of the nonsorbed
naphthalene pool also seems to be a significant influence.

* When the Sorption/Bioavailability hypothesis was tested with phenanthrene, the
type of sorbent emerged as a critical influence: regardless of inoculum source, no
mineralization was observed when seep sediment (high in organic matter) was
sorbent. In contrast, when sand was the sorbent (low in organic matter)
mineralization did occur.

— Under anaerobic conditions favoring methanogens and sulfate reducers, no
naphthalene metabolism occurred during a 16 day experiment. When oxygen and
nitrate were supplied to the same sediments and microbial populations, rapid
naphthalene mineralization occurred. Thus, simple oxygen and nitrate limitation has
emerged as one of the most probable causes for PAH persistence at the field site. The .
presence of naphthalene mineralizing denitrifiers at this site, if confirmed, opens up a




broad area of physiological and genetic investigations comparing individual aerobic
and denitrifying bacteria.

1.3 Synopsis of Progress from Second (6 month no-cost extension) Period
During the second period of the project (6-month no-cost extension of Year 1),

weather precluded field work. Instead of visiting the site, measurements were performed
on site-derived samples. Key areas of progress were:

— Isolation and characterization of a phenanthrene metabolizing bacterium whose behavior
to sorbed phenanthrene mimics that of mixed populations in site-derived sediment
samples.

— Discovery that mixed populations from the field-site sediments vary in their abilities
towards metabolize sorbed phenanthrene, depending on sediment type and how the
sediments were handled. Even phenanthrene sorbed to the organic-rich seep sediment
can be metabolized. Thus, the role of physiological diversity in PAH metabolism has
been confirmed and extended.

— Initiation of an approach to measure PAH metabolism by two independent analytical
methods. This was designed to compare the fate of freshly-added and long-sorbed
naphthalene. The insights promised by this type of experiment are very significant,
but the details of PAH extraction and analysis procedures need to be improved before
success is achieved.

— Establishment of serum-bottle-HPLC-based procedures for studying anaerobic
metabolism of naphthalene. Results show that naphthalene mass balances can be
assembled and that no denitrifying naphthalene metabolism could be detected.
However, a clear oxygen limitation was demonstrated

2.0 PROCEDURES AND RESULTS

2.1 Qverview

During the 12 month period that has passed since the last progress report, a variety of
procedures for measuring microbial metabolism of PAHs, and for measuring PAH
sorption reactions have been designed and implemented.

As is evident from the Table of Contents for this Report, progress in five areas have
been made.

1. The field site-derived phenanthrene-metabolizing bacterium, Sphingomonas
paucimobilis RSP1 (described briefly in the second report), has been further




characterized. The background physiological data presented here provide a sound
foundation for future work aimed at understanding relationships between the fate of
PAHs and the propertes of this bacterium.

2. Investigations of microbial metabolism of sorbed PAHs have continued. These
assays use a phenomenological approach which assess the responses of mixed
culwres and pure cultures to PAHs aged for varying periods under aseptic conditions
in the presence of sediments sterilized by y-irradiation.

3. Data addressing the physiological, taxonomic, and molecular responses of soil and
sediment microorganisms to naphthalene has been obtained. This component of the
report focused on a population genetics approach to the distribution of naphthalene
metabolism genes at the coal-tar contaminated study site. A diversity of isolates
capable of metabolizing naphthalene have been isolated from 2 spatially distinct
locations at the field site (the contaminated seep area and an uncontaminated adjacent
hillside soil). The isolated bacteria have been characterized taxonomically (via a
variety of procedures including the commercial BIOLOG series of substrate utilization
tests) and genetically (by PCR amplifying and sequencing a portion of the nahAc and
nah R catabolic genes).

4. The mobility of PAHs and bacteria capabie of PAH-metabolizing in site sediments
has been investigated. These data were obtained in the Fall of 1993 from a field
experiment in which an array of polyurethane foam plugs and small sterile sand bags
were installed in the seep portion of the study site. Periodically, subsets of the
originally clean sorbent materials were removed from the field site. Chemical [gas
chromatograph/mass spectrometry (GC/MS)] analyses were conducted on material
sorbed to the urethane foam and numbers of phenanthrene and naphthalene
metabolizing bacteria adhering to the sand sorbents were also assayed.

5. Development of methods for extracting DNA from sediments. This topic is concerned
with how to obtain DNA directly from environmental samples so that tools of
molecular biology can be applied to microbial communities present in field sites. The
results of this study are In press, due to appear in the May issue of Applied and

Environmental Microbiology. The manuscript is attached to this report.

NOTE: In order to maintain continuity between reports, the numbering of Tables
and Figures will continue consecutively with those in the first progress report.




2.2.1. Taxonomic identification of strain RSP1

Strain RSP1 was identified by two commercially available bacterial
identification kits: the API® Rapid NFT™ and the BIOLOG GN MicroPlate™.
The Rapid NFT™ method identifies environmental isolates using a strip which
includes tests for physiological capabilities and for carbon source utilization
abilities. The BIOLOG™ system uses only carbon source utilization tests in a
colorimetric 96-well plate assay. The results of these identification methods are
shown in Table 11.

The API Rapid NFT™ kit clearly identified RSP1 as a Sphingomonas
paucimobilis strain ("good identification"). The BIOLOG™ system, on the other
hand, returned a "no identification” response when its computer database was
searched because RSP1 did not achieve a similarity score of 2 0.5 (scale: 0.0to
1.0) with any species in the database. However, a fairly high similarity score
(0.43) was observed with Sphingomonas paucimobilis B, and the next closest
match (Pseudomonas vesicular) identified with RSP1 with a similarity score of
only 0.013. Furthermore, the fatty acid profile of RSP1 (data not shown)
demonstrated the presence (most notably 14:.0 20H) and correct ratios of most of
the fatty acids which distinguish Sphingomonas paucimobilis from other
pseudomonads (Stead, 1992). In light of these results, strain RSP1 has been
designated Sphingomonas paucimobilis RSP1.

TABLE 11. Identification of strain RSP1 by two commercially available phenotypic assays

kits.
Commercial kit Identification Scored
API® Rapid NFT™ Sphingomonas paucimobilis "good ID"
BIOLOG GN MicroPlate™ Sphingomonas paucimobilis B 0.43

2 See text for explanation.

In addition to being fast and easy to use, the commercial identification kits
which were employed have the advantage of providing useful physiological data
about the organism tested. The detailed resuits of the tests from the Rapid NFI™
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identification of RSP1 are reported in Appendix A. Carbon source utilization data
obtained from the BIOLOG MicroPlate™ are reported in Appendix B.

2.2.2. General characterization

A summary of the general characteristics of RSP1 are listed in Table 12.
RSP1 exhibits the characteristics of a typical pseudomonad; it is a catalase
positive, oxidase positive, Gram negative rod. Electron microscopy of negatively
stained cells of RSP1 shows that it is bipolarlv flagellated (usually one to five
flagella per pole). (Flagella can be visualized in the light microscope as well
using fluorescent antibody techniques.) The electron micrograph also showed that
RSP1 forms polyphosphate storage bodies when grown in PTYGS medium;
these are the dark intracellular structures. They are also known as “volutin
granules", so named because these electron dense bodies appear to "volatilize" on
the electron microscope screen when penetrated by the electron beam. The lighter
stained structures within the cells may be polyhydroxyalkanoate (PHA) storage
bodies.. However, when RSP1 cells were stained with a PHA specific dye,
these structures were only detected only in long, filamentous RSP1 cells, which
begin to appear late in the log phase of growth on PTYGS.

TABLE 12. Summary of general characteristics of strain RSP1.

Characterization test Result
Gram reaction -
catalase +
oxidase +
flagella +2
polyphosphate bodies +b
PHA bodies +b
Growth curve in PTYGS M1 = 2.66 hrs
indole ---> indigo +¢
plasmid d
G+C content 71%¢

a Flagellation is bipolar, usually one to five flagella per pole.
b Visible in electron microscope; PHA storage bodies were detected by specific staining
only in the large, filamentous variants, which begin to appear late in the log phase of

growth.
tWell characterized blue pigmentation change caused by aromatic dioxygenase enzyme.

d No plasmid has been found using three different methods.
£ Based on sterilized thermal melting processes
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A growth curve for RSP1 in PTYGS5 has been prepared. Based on plate
count results determined throughout the time course of the growth curve, RSP1
has a generation time of 2.66 hours (Table 12). Growth occurs slower in very
rich medium (e.g., LB. TSA, full strength PTYG). Growth rates on aromatic
substrates (PHN, NAH) in liquid culture is variable, but generally slow
(estimated generation times between 2 and 15 days). It should be noted that other
researchers have shown that the surface area of crystals of hydrophobic organic
compounds limits the dissolution rate (i.e., availability) of the compound, which
consequently limits growth rate. Thus, crystals were crushed as much as
possible before addition to the MSB medium for growth of RSP1.

On most solid media, RSP1 colonies are yellow, circular, entire, convex,
and smooth. On phenanthrene-supplemented minimal media (MSB-PHN) spray
plates, colonies are relatively small and exhibit a rusty brown coloring, probably
due to the accumulation of a metabolic intermediate in the phenanthrene
degradative pathway. RSP does not have any known vitamin requirements, but
MSB media was often supplemented with a vitamin solution to promote faster
growth.

RSP1 was tested for its ability to convert indole to indigo. The ability to
catalyze indigo formation from indole is a property of a nonspecific naphthalene
dioxygenase enzyme. This reaction has been reported for other dioxygenases
which were involved in aromatic hydrocarbon metabolism. The "indole to
indigo"” test became a presumptive diagnostic tool for designating metabolism of
an aromatic hydrocarbon by a microorganism to follow a particular pathway
which uses a dioxygenase versus a monooxygenase. More recently, however,
the ability to convert indole to indigo has been reported for monooxygenases, as
well. Nevertheless, since the oxygenases of some aromatic hydrocarbon-
degrading microorganisms do not convert indole to indigo, this ability is
significant in that it provides another level of characterization about a new
organism.

The "indole to indigo" test was performed by placing indole crystals in the
lids of inverted petri plates of RSP1 cultures which had been growing on
phenanthrene (PHN) or naphthalene (NAP). The results are shown in Table 12.
Indigo formation from indole by RSP1 grown on PHN or NAP was seen near the
edges of the culture streaks, where growth and metabolism were probably the
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most active. When grown on NAP, PpG7, the positive control strain which
produces a naphthalene dioxygenase, showed strong indigo formation within
hours of exposure to indole. The negative control strain, £. coli Bfr, which was
grown on LB medium (it cannot grow on PAHs), showed no indigo formation
from indole.

Because the ability to utilize aromatic hydrocarbons is often encoded on
large catabolic plasmids, three plasmid isolation procedures were attempted in an
effort to determine if RSP1 harbors such a plasmid. Only the method of
Anderson and McKay (1981) produced a strong plasmid band when performed
on the positive control strain, Pseudomonas putida, PpG7, which harbors the 83
kb NAH?7 plasmid encoding NAP degradation. No plasmid was detected in strain
RSP1 by this method. That RSP1 and PpG7 are in the same family of
microorganisms (Pseudomonaceae) and that chromosomal DNA was extracted
from both of these organisms by this method lends support to the fact that any
plasmids harbored by RSP1 should have been detected. The possibility that there
is not enough plasmid DNA to be seen may be excluded because equal volumes
of approximately equal density cultures of RSP1 and PpG7 were used, and the
NAH?7 plasmid of PpG7, which, like most large catabolic plasmids, is a low copy
number plasmid, was casily detectable. Furthermore, a portion of the RSP1
culture used for the plasmid isolation procedure was plated onto the general
heterotrophic medium, PTYGS, immediatcly before the isolation procedure was
started. A full 100% (17/17) of the RSP1 colonies which were picked and
streaked onto MSB-PHN and MSB-NAP media showed growth on each of these
media. Thus, RSP1 was not cured of the plasmid during growth on PTYGS for
the isolation procedure. Despite these arguments, however, it can only be said
that no plasmid has been found in RSP1 by the methods employed.

Total DNA was isolated and purified from RSP1. The G+C content was
calculated to be approximately 71% based on the thermal melting curve (Table
12). This estimate may be high, however, because the E. coli standard DNA,
which is known to be about 51% G+C, was calculated to be about 58% based on
data from the same thermal vamp. In any case, it is safe to say that RSP1 is GC
rich organism, with a G+C content probably between 65 and 75%. This is
important to note for possible future experiments with this organism, which might
include DNA sequencing and DNA hybridization studies/gene probing.
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2.3. Continyed I .  Microbial Metaboli ¢ Sorbed PAH
As discussed extensively in the first two reports from this project, one hypothesis,

for explaining the presence of PAH compounds at our study site is reduced bioavailability
through sorption reactions. The experiments described below continue a series of tests

designed to examine if the extent of microbial metabolism of naphthalene and
phenanthrene may be inversely proportional to the duration of contact time between these
PAHs and sediment sorbents.

Aging experiment #6: Phenanthrene added to seep, and sand sediments inoculated
with enriched pure cultures or unenriched sediments.

Procedures. Essentially the same procedures were followed for Experiments # 4
(Fig. 9 of 9/91-9/92 AFOSR report) and 5 (Fig. 17 of 9/92-3/93 of AFOSR report),
except only two aging periods were examined (0 and 28 days). Key variables were the
inocula (a mixture of 2 phenanthrene-degrading bacterial cultures or sand or seep
sediments). Also, special care was taken to be sure that all treatments had the same ratios
of solids to liquids. This is a challenging objective when inocula initially have very
different water contents; but the solids/liquid ratio is particularly important in efforts
examining the response and bacteria to sorption/desorption reactions.

Results. Results of the sixth aging experiment are shown in Fig. 23A-C. Panel A
shows the response of the seep sediment inoculum to aged and freshly added 14C-
phenanthrene sorbed to low organic-matter sand from the source area and high organic-
matter seep sediment. As was found in aging Experiments #4 (9/91-9/92 AFOSR report),
and #5 (9/92-3/93 AFOSR report), the seep inoculum was unable to metabolize
phenanthrene sorbed to y-irradiated seep material. With sand as sorbent however, the
phenanthrene was metabolized. Furthermore, this metabolism was greatest for freshly
added phenanthrene and least for the aged phenanthrene/sand mixture. Thus, when the
inoculum was seep sediment that was not intentionaily enriched on aqueous phase
phenanthrene, the organisms found aged phenanthrene to be less available than unaged.
This suggests that enrichment on aqueous phase PAH may not always be the key feature
in understanding the effect of aging on PAH metabolism. Altematively, many seep
sediments may be so wet as to be physiologically predisposed towards utilization of
aqueous-phase PAHs.
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Panel B of Fig. 23 shows the response of a mix of pure cultures phenanthrene
metabolizing bacteria, S. paucimobilis RSP1 and strain RS2A, to !4C phenanthrene as
presented in aged and unaged forms sorbed to sand and seep materials (as described for
panel A). The results are again similar to those found in Experiments #4, 5 (as previously
referenced), and 23A: (i) when the seep sediment was sorbent, no phenanthrene
mineralization was observed regardless of aging; (ii) when sand was sorbent, the
phenanthrene was mineralized — at the highest rate and greatest extent for unaged
phenanthrene (see especially, results from Experiment #4 in previous report). T
results from the mix of pure cultures (Panel B of Fig. 23) very closely matched . . of
the seep inoculum (panel A of Fig. 23). This fact is encouraging because it provides
impetus for further exploring the physiology and biochemistry of sorbed substrate
utilization by studying the effect using pure cultures. The agreement between panels A
and B also suggests that the seep-sediment inoculum was, in fact, pre-adapted toward
aqueous phase phenanthrene because pure cultures (Panel B) had been grown on
dissolved phenanthrene prior to initiating mineralization tests.

Panel C of Fig. 23 shows the response of unenriched sandy source inoculum to 14C
phenanthrene as presented in aged and unaged forms sorbed to sand and seep materials.
The results are similar to those of panels A and B, and data from previous experiments #4
and #5, but there are also some important differences.

(i) Unlike results in Fig. 17 (Expt. #5), but identical to Fig. 9 (Expt. #4), the sand
inoculum failed to metabolize phenanthrene sorbed to the seep sediment. This
inconsistency is difficult to understand but may be attributed to either spatial/temporal
variation in the inoculum itself or, perhaps more likely, to the difference in amount of
sand inoculum added to experiments reported in Figs. 17 and 23. In the former, the large
inoculum/sorbent ratio (1:2.5) may have allowed re-equilibration of seep-sorbed
phenanthrene from "unavailable" sites on the organic-rich seep to "available' sites on the
sand. This shift may not have been possible in the experiment contributing to Fig 6 in
which the inoculum to sorbent ratio was (1:6).

(ii) When the sand was sorbent, phenanthrene was metabolized at virtually identical
rates and extents regardless of the aging treatment. To interpret why the sand-derived
inoculum utilized the aged and unaged sand-sorbed phenanthrene equally well, requires
postulating properties about the inoculum which are uncertain. In comparing panels A
and C of Fig. 23 for instance, it is clear that the seep inoculum and sand inoculum
responded differently to the aged materials. The explanation may rest in particular
microorganisms present in one sediment but not the other or their physiological
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predisposition to aqueous vs. sorbed PAHs.... but presently, we cannot distinguish
between these or any other possible explanations.

Aging Experiment #7: An examination of diauxy, toxicity, and sorptive properties
induced by y-irradiation.

Procedures. Several different approaches to mineralization experiments were carried
out to further explore lack of phenanthrene metabolism that has been documented above
when y-irradiated seep sediments were used as sorbent. The idea was to investigate
whether or not this lack of metabolism was due to (a) a diauxic effect: production of
readily utilizable organic compounds (through y-irradiation) that may be preferentially
metabolized by the inocula (Fig. 24A); (b) a toxicity effect; production of toxic
compounds that may prevent metabolism (Fig. 24B); (c) some other y-irradiation-induced
property of the seep; (Figs. 24C, D).

Results. To investigate a possible diauxic effect in y-irradiated seep sediments, 14C
phenanthrene was added to fresh seep sediment with and without addition of 10 ppm
glucose (a strong inducer of catabolite repression, hence diauxy). Cumulative 1400,

production (panel A) showed that the glucose had no effect. Thus, we conclude that lack
of phenanthrene metabolism in the presence of y-irradiated seep was not due to diauxy.

To examine possible toxin production by y-irradiation, we used strain RSP1 ina
bioassay in which 14C0; production from 14C-glucose was monitored after the cells
were added to y-irradiated seep sediment. As is apparent in Panel B of Fig. 24, there was
not even a lag in glucose mineralization, which was quite extensive. Thus, the y-
irradiated seep did not contain general metabolic inhibitors.

To reaffirm that the protection of phenanthrene (lack of mineralization) observed
when y-irradiated seep was used as sorbent (see Figs. in earlier reports), we monitored
1400, produced from 14 C-phenanthrene added to 3.5 g fresh, nonsterile secp material
and to 1.5 y-irradiated sorbent inoculated with 0.5 g of fresh nonsterile seep sediment.
Resuits of 14C0O; produced by these treatments appear in Panel C of Fig. 24. The non -
irradiated seep sediment rapidly mineralized the 14 C phenanthrene; however, the -
irradiated material failed to do so. In light of results shown in Panels A and B of Fig. 24,
this lack of phenanthrene metabolism when in contact with y-irradiated seep, must be
attributed to sorption reactions. The weakness of studying this phenomenon, however, is
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its possible irrelevance to our field site(sediments there are not y-irradiated). To further
examine this phenomenon of phenanthrene being protected from microbial attack, we
postulated that a mixture of y-irradiated sediment would lead to inhibition of
mineralization. In panel D of Fig. 24, 14CO; production from 14C-phenanthrene is
reported from a mixture of 3 g fresh seep material (plus accompanying microorganisms)
with 0.25 g of y-irradiated sterile seep, and with an additional inoculum of strain RSP1.
As a control in this experiment, the RSP1 inoculum was also added to 14 C phenanthrene
mixed with a sorbent consisting entirely of y-irradiated seep. Data in Panel D of Fig. 24
show again that phenanthrene is rendered unavailable to RSP1 when the sorbent was y-
irradiated seep. Furthermore, with a ratio of 0.25 g ‘y-irradiated seep to 3 g non irradiated
seep, mineralization occurred — but to a far lesser degree (see vertical scale of %
mineralization axis) than would be expected for unimpaired phenanthrene metabolism by
RSP1 (see Figs. 17 and 23).

S f Asing/Bioavailability Experi .

The impetus for attempting to understand relationships between sorption reactions
and PAH mineralization has been from two related issues. First, because we are
concemed with the possibility of exploiting microbial processes for eliminating
contaminants from soils, sediments, and ground water, we need tools for predicting the
extent of PAH metabolism in contexts where sorption occurs. We need to know the
degree to which sorption reactions govern biological reactions. The second motivation is
derived from a need to understand our own assay procedures. Wherever 14C-labeled
compounds are used in our laboratory experiments, these compounds are necessarily
"freshly added". In interpreting the results of such tests, we need to know if the data can
be extrapolated to the entire pool of contaminants (both recently sorbed and long sorbed).

Have data from Experiments 1-7, as summarized here and in Table 13, answered the
above questions? Alas, we cautiously reply "not yet", because rather than black and white
results, we have discovered areas of gray. Key points follow:

(1) Without a doubt, sorption reactions affect microbial metabolism of PAHs. For
instance, in Experiment #3, when the only variabie distinguishing different treatments
was duration of contact between naphthalene and both sand and seep sorbents, the extent
of naphthalene mineralization was related inversely to that contact time.
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Likewise, in Experiments #4, 5, 6, and 7, complete inhibition of phenanthrene
metabolism was seen when the sorbent was y-irradiated seep. We concluded that this
occurred as a result of sorption reactions by testing the alternative hypotheses of diauxy
and toxicity.

Furthermore, in all of the aging/bioavailability experiments examining phenanthrene
metabolism, the aged materials inoculated with pure cultures and seep inocula
metabolized aged phenanthrene to a lesser degree than the freshly-added substrate.
Exceptions both to protection by the seep (as sorbent) and to reduced metabolism of aged
material, were consistently found with inocula derived from sandy source sediments.

(2) Despite the qualitative findings in point 1 (above), explanations providing
predictive power about sorption and PAH metabolism have been evasive. Reasons for
our inability to find definitive answers probably lie in limitations of our methodologies.
Field samples from Site 24 sediments must be used in our studies to guarantee relevance;
however, the samples are heterogeneous and contain unknown mixtures of microbial
populations. Unifying concepts such as "enrichment for aqueous phase PAHs should
produce populations unable to metabolize sorbed PAHs" make sense in "explaining" why
aging had a strong effect on naphthalene metabolism in Experiments #3 and #2. This
enrichment effect also helped to "explain” metabolism of phenanthrene by seep sediments
in Experiment #4. However, when phenanthrene metabolism was further scrutinized in
later experiments, the concept broke down. In Experiments #5 and #6, sediment inocula
were "unenriched"” (i.e., added to the mineralization vials without prior addition of water
and phenanthrene in a way that might favor metabolism of aqueous-phase phenanthrene).
Therefore, these unenriched sediments should have been indifferent to sorbed vs.
aqueous-phase phenanthrene. But instead, the aging effect was seen for the seep
inoculum, but not the sand inoculum. We can only explain this by evoking differences in
the microbial communities of the two inocula and uncertainties about our ability to
presume anything about how to assure a microbial community's predisposition toward
sorbed PAHSs. The beauty of utilizing pure cultures is an ability to control their previous
history. Thus, with cultures grown on dissolved-phase phenanthrene, (Experiments #5,
and #6), an aging effect was consistently seen. This is encouraging.

(3) In recognition of the importance of methods, it may be prudent to point out that ¥
irradiation of sediments, performed to eliminate background microbial populations, was
only one of several possible strategies to examine the Aging/Bioavailability Hypothesis.
We chose this approach for good reasons. However, the finding that 14C-phenanthrene is
available for metabolism when added to nonsterile seep, but not y-irradiated seep is
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disconcerting, because it implies that the information gathered suffered from experimental
artfacts. This is true, but the information obtained still provides insights into
sorption/bioavailability mechanisms. Should this project be renewed in the future, other
(non y-irradiation) approaches for examining aging/biodegradation relationships can be
explored and contrasted with the data presented here.

The response of naturally occurring microbial communities at our coal-tar-
contaminated field site was explored using a variety of field, microbiological, and
molecular methods. The overall scope for this portion of the investigation is as follows:

1. Based on proximity to the groundwater contaminant plume we identified soil and
sediment microbial communities that either were or were not exposed to high
naphthalene concentrations hence were not adapted to metabolize naphthalene.

2. That degree of adaptation was measured (and defined) using lag time prior to onset of
1400, production by soil or sediment samples amended with 14C-naphthalene. The
locations identified for in-depth study were seep sediments (adapted) and an adjacent
hillside soil (unadapted).

3. Naphthalene degrading bacterial isolates were obtained from both seep and hillside
samples in a manner designed to reflect in situ proportions of the isolated members of
microbial community. A total of 41 isolates were obtained, 19 from the seep and 22
from the hillside.

4. In addition to showing that the isolated bacteria grew on naphthalene (i.e., produced
14CO; from 14naphthalene and produced large colonies on agar media when
naphthalene was provided as a carbon source), each was characterized and classified
using standard microbiological procedures (Gram stain, catalase test, oxidase test)
and commercial bacterial identification kits (BIOLOG and API-NFT).

5. Isolates are being characterized using molecular procedures, as well. Methods utilized
include using the polymerase chain reaction (PCR) to amplify nahAc (the gene
encoding naphthalene dioxygenase, the first enzyme in naphthalene catabolism) and
nahR (encoding the positive regulatory protein), dot-blot hybridization with a nahAc
gene probe, and sequencing of nahAc.
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6. Implementng this overall strategy will constitute a Ph.D. thesis, being completed by
James B. Herrick. The principal goal of the thesis is to gain new insights into the
response of naturally occurring microbial communities to PAH contaminants can be
obtained using rigorous application of a variety of conventional and molecular
procedures.
Methods
Sample selection and characterization. Sampling was done at two sites in the seep

area. One sample was taken aseptically from saturated sediments approximately 10 cm
below the surface and immediately within the contaminated portion of the seep. The other
was taken from moist soil at approximately 2 cm depth and approximately one meter from
the first and uphill in a direction opposite the contaminated plume source. Soil and
sediment samples were tested for mineralization of 14C-labeled naphthalene as previously
described. Preparation and counting of total bacteria by fluorescent direct counting were
also done routinely in our laboratory. For dilution plating, 10 grams of each sample were
suspended in 90 ml. of sodium pyrophosphate, further diluted in potassium phosphate
buffer and plated in three replicates per dilution on Difco R2A medium (for total counts)
and on Stanier's Mineral Salts B (MSB) medium (for naphthalene bacteria counts and
isolation). Naphthalene was supplied as vapor. Viable counts were determined and
colonies sampled for isolation after 72 hours growth at 22° C. Samples were tested for
14C-naphthalene mineralization, fixed for microscopic direct counts, and dilution-plated
within 24 hours of sampling.

Strain isolation and characterization. For each sample, 30 colonies greater then 1 mm
in diameter were sampled randomly from one replicate plate having between 30 and 200

well-defined colonies. These were purified on MSB plates + naphthalene vapor and
checked for purity on complete medium (5% PTYG) plates. Presumptive growth on
naphthalene was determined by plating on MSB with and without naphthalene vapor.
Metabolism of naphthalene was confirmed by assaying 14C-naphthalene mineralization in
sealed flasks. Gram stain and KOH, catalase, and oxidase tests were carried out on each
isolate using standard methods. Two kits for bacterial identification, API-NFT and
BIOLOG, were employed according to the manufacturers’ instructions. Cluster analysis
was performed using the BIOLOG program MLClust. Conversion of indole to indigo, an
insoluble blue dye, was used as a presumptive assay of dioxygenase activity. Strains
were grown on MSB + naphthalene at room temperature for six days, then incubated in
the presence of indole, supplied as vapor. Any blue color in colonies after 9 1/2 hours
was scored as positive. Results were identical after 24 hours.
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DINA hvbridization, Digoxigenin labeling of the nahAc probe was carried out as has
been previously described [Herrick. ez al., 1993 Appl. Environ. Microbiol. 59:687-694]).
Total genomic DNA was extracted from pure cuitures using standard methods. 5 pug
DNA from each isolate was denatured in 0.1 volume of 4M NaOH/0.1 M Sodium EDTA.
It was then dot-blotted onto an MSI Magna Graph nylon membrane and oven-baked
according to the manufacturer's instructions. Prehybridization and hybridization
conditions were as described by Boehringer-Mannheim. Blots were washed 2 times, 5
minutes each at room temperature in 2X wash buffer (2X SSC + 0.1% SDS) and again 2
times, 15 minutes each at 60° C in 0.5X wash buffer (0.5X SSC + 0.1% SDS: ca. 25%
mismatch), at 65° in 0.25X wash buffer (ca. 15% mismaich), or at 65° in 0.1X wash
buffer (ca. 8% mismatch). Percent mismatch was calculated using the method of
Meinkoth and Wahl. Bound probe was detected by chemiluminescent exposure of X-ray
film according to the manufacturer's instructions.

Results
le ch rization and mineralization

Two samples were collected for comparative studies on naphthalene degrading
bacterial guilds, one from the contaminated seep itself and one from surface soil
approximately one meter distant and slightly uphill in a direction opposite the
contaminated plume source. Each sample was tested for the ability of its microflora to
mineralize 14C-labeled naphthalene in sealed flasks. As was noted in previous studies in
our laboratory, the contaminated seep sediment rapidly mineralized naphthalene without a
lag phase (Fig. 25). Mineralization by the hillside soil, on the other hand, exhibited a
very slow increase over the course of the experiment. Very similarly-shaped curves were
also observed for two other samples taken from presumably uncontaminated seep
sediments near the contaminated seep (data not shown). Mineralization curves for 14C-
labeled p-hydroxybenzoate on the other hand, a compound easily metabolizable by many
heterotrophic bacteria, were equivalent for all samples (not shown). Also, total counts
and viable counts of bacteria from the samples were equivalent (Table 14). Thus,
differences in mineralization observed for previously-exposed and -unexposed samples
were not due to differences in total or total viable bacteria, nor to differences in aromatic
metabolic activity. Both previously exposed and unexposed samples harbor native
naphthalene-degrading microbes. Naphthalene guilds from contaminated and
uncontaminated samples show very different responses to added naphthalene, however,
indicating differences in the degree and possibly the manner of previous adaptation to the
compound.
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Figure 25. Naphthalene mineralization by seep and hillside samples.

TABLE 14. BACTERIAL COUNTS OF SAMPLES USED IN THIS STUDY.

Sample AODC Total CFU

Designation (- gdw -1)@ (£ SD) - gdw !
Seep sediment 498 - 109 1.6 (£ 0.3) - 106
Hillside soil 3.37 . 109 1.7 (£ 0.5) - 106

Mean of two smears, 15 fields counted per smear.

In order to further examine, on the organismal and genetic levels, the naphthalene-
degrading bacterial guilds at the study site, individual bacteria were randomly isolated
and purified from the seep and hillside samples. Samples were diluted and plated directly
onto minimal medium under naphthalene vapor in an attempt to avoid bias due to prior
enrichment and thus to identify the numerically dominant culturable naphthalene- A
degrading bacteria. Twenty purified isolates from the contaminated seep and 23 from the
hillside soil were chosen based solely on differences in growth on plates with and
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without naphthalene vapor. Of these, 19 seep and 22 hillside isolates were able to fully
mineralize 14C-naphthalene to 14CO; in sealed flasks after three days. These isolates
were subsequently characterized and identified using standard microbiological methods
and the test kits API-NFT and BIOLOG (Table 15).

Although the API test provides useful additional metabolic information, such as
isolates' capability to respire using nitrate and nitrite or to ferment glucose, it can be seen
from Table 15 that the BIOLOG system was far more successful in identifying isolates.
Identified isolates from the hillside sample were primarily Gram-negative, oxidase
negative rods of the species Burkholderia (formerly Pseudomonas) gladioli and the
related species Pseudomonas glathei. These species are known primarily as plant
pathogens and have not, to our knowledge, previously been identified as degraders of
polycyclic aromatic hydrocarbons. They are members of the B-proteobacteria, a group
widely-divergent from the y-proteobacteria containing the type naphthalene-degrading
strain Pseudomonas putida G7 and the other well-known ("true” or Type 1
Pseudomonas) naphthalene-degrading taxa. Type I pseudomonads, notably P. putida and
P. fluorescens, were heavily represented among the seep isolates, however, as well as 8-
proteobacteria such as A. faecalis and S. mizutaii. Notable, also, is the presence among
the seep isolates of the Gram-positive Micrococcus diversus.

The contaminated seep isolates represent a taxonomically more diverse group than do
the uncontaminated hillside isolates. This is represented graphically in Figure 26. Cluster
analysis based on BIOLOG carbon source utilization by each isolate shows that, within
the seep isolates, there are at least four major groupings, one representing the classical ¥
proteobacterial Type I P. putida and P. fluorescens species, another solely by P.
corrugata Cg7, a third by the B-proteobacterium A. faecalis Cgl1 and its possible relative
Cg4, and the fourth grouping by the Gram-positive M. diversus Cg3 and Cg18. Another
group, not shown on the figure, is represented by the newly-identified Sphingobacterium
mizutaii Cg21, a member of the o-proteobacteria.

is of naph i ization

When the isolates shown in Fig. 26 were examined for PCR-detectable genes in
naphthalene metabolism (nah R and nahAc), none of the isolates contained the regulatory
gene (nahR) (Fig. 27). Furthermore, none of the hillside isolates contained the structural
gene (nahA) (Fig. 27).

The gene distribution data in Fig. 27 represents small scale genetic biogeography. A
selective pressure at the field site (coal tar contamination) has altered the native microbial
community in a variety of ways. By using the PCR to attempt to amplify 2 genes known
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TABLE 15. CHARACTERIZATION AND IDENTIFICATION OF NAPHTHALENE-MINERALIZING BACTERIAL ISOLATES
Number Source Gram Stain/y Oxidase API-NFT I.D. %id? Tindex¢ BIOLOG LD.

Morphology (closest taxon)?

Cgl Seep neg. rod + Ps. putida 99.7 098  Pseudomonas putida 0.79

Cg2 Seep neg. rod + Pseudomonas. sp. Ps. fluorescens 0.67
(aureofaciens) (822) (0.85)

Cg3 Seep pos. rod - NDA ND ND  Micrococcus diversus 0.739

Cg4 Seep neg. rod + No L.D. ND ND No LD. (Ps. fluorescens E 0.41)

Cgs Seep neg. rod + Pseud. sp. (704) (T=0.79) Ps. fluorescens B 0.51
(fluorescens)

Cgb6 Seep neg. rod - ND ND No I.D.

Cg7 Seep neg. rod + No L.D. Ps. corrugata 0.51

Cg8 Seep neg. rod + No LD. Ps. fluorescens B 0.50

Cg9 Seep neg. rod + No L.D. Ps. fluorescens B 0.67

Cgll Seep neg. rod + Ps. picketii Alcaligenes faecalis 0.53

Cgl2 Seep neg. rod + No L.D. Pseud. sp. (putida B 0.46)

Cgl3 Seep pos. rod - ND NDf

Cgl4 Seep pos. rod - ND NDe

Cgls Seep neg. rod + Ps. picketii Pseud. fluorescens E (0.681

Cglé Seep neg. rod + No 1.D. Pseud. corrugata 0.530

Cgl? Seep neg. rod + No LD. No L.D.

Cgl8 Seep pos. rod - ND Micrococcus diversus 0.703

Cg20 Seep pos. rod - ND NDf

Cg21 Seep neg. rod - Sphingomonas Sphingobacterium mizuaii
paucimobilis 0.683

Hgl Hillside neg. rod - No L.D. No LD.

Hg2 Hillside neg. rod - No I.D. No LD. (Ps. glathei 0.472)

Hg3 Hillside neg. rod - No L.D. Pseudomonas glathei 0.575

Hg4 Hillside neg. rod - No LD. Ps. glathei 0.507

Hgs Hillside neg. rod - No LD. Ps. glathei 0.523

Hg6 Hillside neg. rod - Pseud. sp. No LD.

Hg? Hillside neg. coccus - No L.D. ND

Hg8 Hillside neg. rod - Pseud. sp. Burkholderia gladioli 0.54

Hg9 Hiflside neg. rod - Pseud. sp. Burk. sp. (gladioli 0.45)

Hgl0 Hillside neg. rod - Pseud. sp. Burk. gladioli 0.596

Hgll1 Hillside neg. rod - No LD. No LD.

Hgl2 Hillside neg. rod - Pseud. sp. No LD. (Ps. gladioli 0.34)

Hgl3 Hillside neg. rod - No LD. Burk. sp. (gladioli 0.40)

Hgl4 Hillside neg. rod - No LD. No L.D.

Hgl5 Hillside neg. rod - No LD. No LD. (Ps. fluorescens A 0.36)

Hgl6 Hillside neg. rod - No L.D. No L.D. (Ps. glathei 0.21)

Hgl7 Hillside neg. rod - Pseud. sp. Burk. gladioli 0.52

Hgl8 Hillside neg. rod + No LD. Ps. glathei 0.502

Hgl9 Hillside neg. rod - Pasteurella No L.D. (Ps. glathei 0.486)

haemolytica

HG20 Hillside neg. rod - No LD. Xanthomonas maltophilia 0.752

HG21 Hillside neg. rod - No LD. No I.D.

HG22 Hillside eg, - Pseud. sp. Bu. gladioli 0.562

4 Names in parentheses indicate the species within the identified genus with the highest % id vaiue.

b An estimate of how closely the isolates profile corresponds to the proposed taxon relative to all other taxa in the API-NFT
data base. This value ranges between 0 and 100. An "accepiable” identification, as defined by the manufacturer, is one wit